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Abstract -Wind energy is a viable option to
complement other types of pollution-free
generation. In the early development of wind
ener gy, the majority of wind turbines wer e oper ated
at constant speed. Recently, the number of
variable-speed wind turbines installed in wind
farms has increased and more wind turbine
manufacturers are making variable-speed wind
turbines.

This paper covers the operation of variable-
speed wind turbines with pitch control. The system
we considered is controlled to generate maximum
energy while minimizing loads. The maximization
of energy was only carried out on a static basis and
only drive train loads were considered as a
constraint. In medium wind speeds, the generator
and power converter control the wind turbine to
capture maximum energy from the wind. In the
high wind speed region, the wind turbine is
controlled to maintain the aerodynamic power
produced by the wind turbine. Two methods to
adjust the aerodynamic power were investigated:
pitch control and generator load control, both of
which are employed to control the operation of the
wind turbine.

Our analysis and simulation shows that the
wind turbine can be operated at its optimum ener gy
capture while minimizing the load on the wind
turbine for a wide range of wind speeds.

INDEX TERMS
Wind turbine generator, renewable energy, pitch-
controlled, variable speed.
. INTRODUCTION

The development of wind turbine power
generation has been expanding during the past 10

years. The global market for the eectrical power
produced by the wind turbine generator (WTG) has
been increasing steadily, which directly pushes the
wind technology into a more competitive arena
Recently, there have been positive trends shown by the
utilities to offer renewable energy to customers. Many
customers who are environmentally conscious now
have the option of subscribing to clean energy such as
wind energy from the power provider. The European
market has shown an ever-increasing demand for wind
turbines.

Variable-speed wind turbine generation has been
gaining momentum, as shown by the number of
companies joining the variable-speed WTG market.
Variable-speed generation is claimed to have a better
energy capture and lower loading. The effect of
turbulence on energy capture and power fluctuations in
variable-speed wind turbines is affected by the overall
control algorithm used [1-4]. The method of
controlling the generator strongly affects the electrical
power generated by the generator [2]. Different types
of generators are used for variable-speed generation for
direct drives [2-3]; however, control algorithms for
wind turbine operation are not discussed in these

papers.
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Figure 1. Physical diagram of the system



The goal of this project is to study the behavior of
the wind turbine generator operated under variable
speed with pitch-control capability under turbulent
winds. The basic comparison between a constant-speed
wind turbine and a variable-speed wind turbine will
also be explained. The constant-speed wind turbine
operation is a very smple case that can be used as a
basdline. The variable-speed agorithm was chosen
based on the maximum energy and steady-state limit of
thewind turbine. The steady-state limit is based on the
Cp-TSR curve provided. Thus in the steady state
caculation, wind gust and wind shear are not
considered. It turns out that using the steady state
limit is a good approximation in the lower wind
speeds, as shown by the performance ratio and energy
captured by the wind turbine.

One concept that is fundamental to the control
dynamics is that the speed change is relatively slow
because of the large inertia involved. This makes it
difficult to use the power converter to control the speed
in highly variable wind applications. Pitch contral is
relatively fast, however, and can be better used to
regulate power flow especially when near the high
speed limit.

Figure 1 shows the system under consideration.
The wind turbine is connected to a variable-speed wind
turbine. The generator output can be controlled to
follow the commanded power. Thewind turbine has a
pitchable blade to control the aerodynamic powver.
The dashed line indicates that the pitch angle can be
controlled. It is shown that there is a mechanica
component (such as a gearbox) between the high-speed
shaft and the low-speed shaft. The low-speed shaft is
driven by the turbine blades, which generates
aerodynamic power. The high-speed shaft is loaded by
the electric generator in the form of eectrical load.

The paper is organized as follows: The next
section is devoted to the condition of the wind data.
The third section is devoted to the method of control.
In the fourth section, the discussion and analysis is
presented, and in the fifth section, the conclusion is
presented.

II. WIND TURBINE CHARACTERISTICS
The wind turbine can be characterized by its Cp -

TSR (curve as shown in Figure 2), where the TSR is
the tip-speed ratio; that is, the ratio between the linear

speed of the tip of the blade with respect to the wind
speed. It is shown that the power coefficient Cp varies
with the tip-speed ratio. It is assumed that the wind
turbine is operated at high Cp values most of the time.
In a fixed-frequency application, the rotor speed of the
induction generator varies by a few percent (based on
the dip) above the synchronous speed while the speed

Pmech = 051 A Gy V3 @)
where:
r=ar density (kg/imd)
A =swept area (m?)
Cp=coefficien of windturbine

V =windvdocity (m/s)
6 R U,

P =05r AC v 1 Win 3)
TR P eI SRraRcET H
Prarcer = Kp(RPM )3 4)
where:

Prarcer = Target power (max Cp)

Cprarcer =Cp at TSR rarcer
K p = computed wind turbine data

RPM = rotor _ speed

of thewind may vary across a wide range.

In Figure 2, the change of the C--TSR curve as
the pitch angle is adjusted is also shown. In low to
medium wind speeds, the pitch angle is controlled to
allow the wind turbine to operate at its optimum
condition. In the high wind speed region, the pitch
angle is increased to shed some of the aerodynamic
power.
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Figure 2. Power coefficient C, versus tip-speed ratio



From Equation 1, the tip-speed ratio for a fixed
speed wind turbine varies across a wide range
depending on the wind speed. The power captured by
the wind turbine may be written as Equation 2. From
Equation 2, it is apparent that the power production
from the wind turbine can be maximized if the system
is operated at maximum Cp  As the wind speed
changes, the rotor speed should be adjusted to follow
the change. This is possible with a variable-speed
wind turbine. Unfortunately, it appears that the wind
speed cannot be reliably measured. To avoid using the
wind speed, the equation to compute the target power
can be rewritten by substituting the wind speed V and
the Cp. The target power Prarcer Can be written as in
Equation 3, or in it can be written in its simple form
shown in Equation 4. It can be seen that the Prarcer iS
proportional to the cube of the rotor speed.

For simulations used in this study, the wind input
data is a time series of wind data of different
turbulence conditions. To reduce the computing time,
the input data (the wind speed) of a 10-minute time
seriesisused. The work performed in this project was
based on a generic wind turbine.  The physical
dimension and the Co-TSR characteristic of the wind
turbine are the inputs for this program. The inertia of
the blade and the inertia of the generator are given.
The tiffness of the shaft and the damping are given.
The induction generator modeled is a wound-rotor
induction generation with the stator connected to the
utility and the rotor winding connected to the power
converter. The generator can be controlled to respond
to the torque command almost instantaneoudly.

I11. METHOD OF CONTROL

A. Wind Turbine Power Generation

The smplest wind turbine architecture is the
constant rotor speed and constant pitch wind turbine.
Figure 3 shows a typical aerodynamic power for two
different wind speeds as the rotor revolutions per
minute (rpm) is varied. As shown in Figure 3, the
maximum Cp operation is represented by the thick line.
The wind turbine operating in a single rpm will only
be optimized at a single wind speed. For example, if
the wind turbine is operated at 1500 rpm, at 20 m/s
wind speed, the wind turbine operates at point B’,
which is not optimum power. At 15 m/s, for 1500
rpm, the wind turbine operates at point B, which is the
optimum operating point. Similarly, the operation of
the wind turbine at 2000 rpm is optimized only at 20
m/s, and is not optimized at 15 m/s.
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Figure 3. Aerodynamic power versusrpm for two
different wind speeds

In variable speed operation, we must consider
blade inertia. Wind turbine blades have a large inertia
compared to the inertia of the generator. The inertia
of the rotor behaves like an inductor in an eectrica
circuit. It helps smooth the rotor speed variation, and
it stores energy during acceleration and restores energy
during deceleration. A power flow diagram of
variable-speed operation is shown in Figure 4. In this
figure, it is assumed that the operating Cp iS constant at
Puing IS the aerodynamic power that can be
Peptred 1S the  actual

Crmax-
extracted from the wind.

Acceleration
Kinetic
Energy
f accel
> | — >
Pwind F)(:aptured P electric
Deceleration Kinetic
Energy
Puwi \Pdecel Pelectric
wind
_— —> —_—
F)(:aptured

Figure 4. Kinetic energy in the turbine at constant Cp
during acceleration and deceleration
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Figure 5. Power flow at different power coefficients

aerodynamic power captured by the wind turbine.
Pyectric 1S the power that can be converted to eectric
power. When the aerodynamic power is higher than
the generator power (Pgecric), the rotor rpm increases
and the kinetic energy in the rotor blade increases.
The rate of increase in the kinetic energy is the power
difference between the aerodynamic power and the
generator power, which is called Py and Pyeq iN
Figure 4.

The operation of the wind turbine along the Cp -
TSR curves governs the power intake from the wind.
The power captured by the wind turbine is affected by
the operating Cp on the Cp -TSR curve. Figure 5
shows the operation of the wind turbine for different
power coefficients. In Figure 5, only static power flow
is considered. In the actua case, Pgewic Must be
greater than Peypured to dynamically force the wind
turbine to stall. In Figure 5a, the wind turbine is
operated at maximum Cp. Thus, the aerodynamic
efficiency is very high, and the power captured from
the wind is optimum. The Pying = Pcaptured = Petectric:
When the wind turbine is operated in the stall
condition, the power that can be captured from the
wind is not optimum. The power difference between
the possible power captured and the actual power
captured from the wind is indicated as Pcyoss.  The
wind turbine can be forced to operate in the stall
condition if the generator is loaded higher than the
Cpmax Operation. The wind turbine will operate in the
lower TSR region. This mode of operation is suitable
for wind turbines that do not have pitch control

capability.

B. Variable Pitch Wind Turbine Generation

Variable pitch control can be used to shed the
aerodynamic power generated by the wind turbine.
Thus, the aerodynamic power produced by the wind
turbine can be controlled by adjusting the pitch angle
of thewind turbine. Figure 6 shows the effect of pitch
control on power flow in wind turbine generation.
With pitch control, the power captured, Peptureds from
the wind power P, can be controlled by a pitch
actuator. The acceleration and deceleration is the
result of the difference between the input power to the
generator and the aerodynamic power captured by the
wind turbine. Theoretically, at constant eectric load,
the acceleration and deceleration can be made zero if
the pitch can be controlled fast enough to react to the
wind speed such that the power captured from the wind
is equal to the eectric power (Pesptured = Petearic).  FOr
example, in the high wind speed region when the rotor
speed limit is reached, the pitch can be controlled to
keep the rotor rpm from exceeding its limit.
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Figure 6. Effect of pitch control on power flow in
wind turbine generation



C. Overall control strategy

There are many quantities that must be
considered for wind turbine generation. However, in
this paper, there are two quantities considered: the
electrical output power and the rotor speed. In general,
the electrical output power should be smooth and non-
fluctuating. This requirement is very easy to fulfill
because the power converted into electrical power is
controllable instantly at any time (providing the
generator and power converter power are below their
rated values). If the power is controlled to be constant,
the acceleration/deceleration or rotor speed varies
according to the difference between the power captured
from the wind and the power generated to the utility.
In this paper, the eectrical power is not controlled to
be constant all the time. It is controlled based on the
rpm schedule as shown in Figure 7.

The rotor speed can be controlled by controlling
the difference between the eectrical output power and
the power captured aerodynamically Pepured: ~ With
adjustable pitch, the Pepured Can be controlled, and with
a power converter, the electrical output power can be
controlled.  Therefore, the rotor speed can be
controlled. The ability to control the rotor speed in the
high wind speed region is dependent on the pitch-
actuator response limit and the rating of the power
converter. If the pitch actuator is too ow and the
power converter size is too small, the controllability is
poor. The wind turbine can be controlled to pitch-to-

A Power

Phlpuwcr

Pm
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Figure 7. Power target versusrpm

feather or pitch-to-stall. However, it is more common
that the wind turbine is pitched to feather to reduce the
aer()dynamic power Pcaptured.

How do we achieve zero acceleration in the rpm
l[imit? Two ways can be used to control zero
acceleration. Oneis to control the aerodynamic power
captured by the blades (pitch to stall), and the other is
to control the output power of the generator (stall the
turbine by increasing the load).

The capability to control aerodynamic power is
limited by the pitch rate, the control algorithm, and the
shape of the Cp curve as a function of pitch angle.

The capability to control generator output is
limited by the voltage and current rating of the
generator and power converter. In genera, the
generator current limit related to the torque limit and
the voltage limit is related to the frequency or speed
limit of the generator.

Lower to medium wind speed

Ideally, the wind turbine should be operated at
maximum Cp most of the time. The control strategy
used in this paper is presented in Figure 7. In the
lower wind speed, when the aerodynamic power
produced by the wind turbine is below the maximum
power rating of the power converter, the wind turbine
is operated in the Cpnx.  The pitch angle of the wind
turbine is controlled to have the maximum possible
Cemax-  As the rpm changes, the pitch angle is kept at
its optimum pitch angle.

The electrical power is controlled by adjusting the
electrical power output of the generator. The
algorithm is used to control the generated power by
controlling the power based on the rpm. Thus, the
P(rpm) map can be used according to Equation 4. The
pitch angle is generally held to achieve maximum Cp -
TSR curve.

Higher wind speed region

Asthe wind speed increases, the power generated
by the wind turbine also increases. Once the maximum
rating of the power converter is reached, the pitch
angle is increased (directed to feather) to shed the
aerodynamic power. As the pitch angle is increased,
the wind turbine operates at lower efficiency. Figure 2
shows that the whole Cp -TSR curve is shifted down-
ward when the pitch angle is increased. With this
capability, the input mechanical power driving the
generator is controllable by the pitch control.
Assuming the pitch control can be done instan-
taneoudy, the acceleration and deceleration can be
made zero and the speed can be kept constant by
controlling the Peprured t0 be exactly equal to Pyectric. A
higher pitch rate capability of a wind turbine can




lessen the requirement for the generator and power
converter rating.

Limited pitch rate

As described in the previous sections, the
acceleration and deceleration can be made zero at
constant electric power, provided the pitch can be
controlled very fast. The rotor speed acceleration and
deceleration can be described in the following simple
equation:

dw, _1

dt zdecaptured - Tdectric) dt ®)

The rate of rotor speed is proportional to the
inverse of the inertia and difference between
aerodynamic torque captured (Tcapured) from the wind
and the dectric torque load (Tgexric)- The aerodynamic
torque is affected by the operating Cp and the pitch
controllability. Figure 7 shows the overall control
strategy. In the low-to-medium wind speed (OC), the
generator is controlled in such a way that the
aerodynamic torque is operated at Cpyax 8 any rpm. In
the high wind speed, there are two ways used to reduce
the aerodynamic torque captured. The first one is to
control the pitch, and the second one is to force the
wind turbine to operate at lower Cp and lower TSR
(stalling mode). The second method is very suitable
for wind turbines that have a limited pitch-rate
capability.

As shown in Figure 7, in the high wind speed
region, there is an rpm, called rpm1l. At rpml, the
pitch is starting to be controlled. At the same time, the
generator torque is also increased to its maximum
capability Trae. As the difference between Teaprures and
Taeatric 1S pOSitive, the rotor speed continues to increase.
In this operation, Tgeuric = Traed Which forces the wind
turbine to operate in the stall mode, and the pitch is
controlled to reduce operating Cp significantly. It is
expected that the rotor speed will eventually be
controllable before the rotor speed reaches its upper
limit at rpmy;. Some hysteresis is included to avoid
chattering when the mode changes from one mode to
another. The power profile shown in Figure 7 can be
modified. For example, from point C to point B, the
profile can be modified to form a dope rather than a
jump as shown in Figure 7. The range of rpm between
rpml and rpmy; is called rpm headroom. If the pitch
rate can be controlled very quickly, the rpm headroom
can be made small or negligible, thus rpml1 can be
made equal to rpmy;. On the other hand, if the pitch
rate is very dow, the rpm headroom must be made
adequate to limit the rotor speed of the wind turbine.

IV. ANALYSISAND DISCUSSIONS

We implemented the simulation of control
strategy. The rotor rpm limit rpm; (point C) is chosen
to be 34.8 rpm. The maximum power is chosen to be
750 kW. The rpm headroom is chosen to be between
10% to 20% of the maximum rpm. The pitch rate is
chosen to be 4/0.7 degree/s. That is, the pitch angle
can be ramped up at 4 degrees per second and it can be
ramped down at 0.7 degree per second. The wind
speed chosen is 14 m/s with a rough-turbulence case.
The hysteresis rpm is chosen to be 2% of the maximum
rpm.

In Figure 8, the eectrical power (Power), the
captured aerodynamic power (Pne), and the rotor rpm
are shown on the same graph. The rotor is started at

zero rpm and the wind turbine is motored up to cut-in
WRPM=2%, PH]=750C 3, RPMH [ =34, 8, ARPM=10%
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Figure 8. Electrical power (Power), aer odynamic power
(Pmeen) and therotor rpm at low pitch rate
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Figure 9. Wind speed, rpm, and pitch for wind turbine
oper ation at higher pitch-rate capability

speed. In this paper, no attempt was made to smooth
the starting transient, thus the starting transient is
beyond the scope of discussion. Consider the time of
observation after the starting transients at about
10 seconds and above. As the wind speed increases,
the captured power also increases. As the aero power
is higher than the electrical power, the rotor
acceleration is positive and the rotor speed increases.
The controller follows the Cpyax Operating mode based
on Equation 4 (i.e, the eectric power is controlled to

be the cube function of the rotor rpm). When the rotor
rpm reaches the rpm headroom area (about 8% under
maximum rpm, rpmy;), the demanded generator torque
israised to rated torque. The eectrical power reflects
the constant rated torque operation. Meanwhile, the
blade pitch is also increased at the rate of 4 degrees per
second. The

aerodynamic power Ppen iS gill higher than the
electric power, and the rotor rpm increases. At one
point the

Precn 1S lOower than the Power, which resultsin the rotor
rpm starting to decline. The blade pitch is controlled
to decrease at about 0.7 degree per second. When the
rotor power reaches the boundary of rpm headroom
(about 12% under rpmy) at about 28 seconds, the
Power is returned to Cpyg Operating mode. The wind
speed then picks up, and the Py, increases above
Power. The rotor rpm once again increases entering
the rpm headroom region at about 37 seconds, and the
same procedure is followed.

Note that the rotor rpm stays within the rpm
headroom. This rpm headroom should be adjusted
according to the capability of the wind turbine to
control the pitch. With a high pitch-rate capahility, the
headroom can be made minimal.

Figure 9 shows another run with different
settings. In this case, the rpm headroom is minimized
to zero. The rpml is made equal to rpmy;, and the
hysteresis is eliminated. The pitch rate is changed to
8 degrees per second to ramp up and 8 degrees per
second to ramp down. The result shows that the rotor
speed is regulated very smoothly. The pitch angle
shows a very active movement to control the rotor
speed constant in the high wind speed region. The
pitch angle follows the trend of the wind speed. Asthe
wind speed increases, the average pitch angle also
increases. Similarly, when the wind speed decreases,
the average pitch angle also decreases.



In Figure 10, the eectrical power Ppen and the
power coefficient Cp are shown. It is shown that the
power and the average Pnen track each other very
closely as the wind speed changes.  Although
instantaneous, the difference between the Py, and the
power is not very smooth. The fact that the inertia of
the turbine blades is very high is reflected by the
smooth variation of the rotor speed. The power
coefficient Cp shows that in the high wind speed
region, the power captured can be limited by the pitch
control, which will make the wind turbine operate at a
very low efficiency.

The operation will be reset to Cpnx Operating
mode when the rotor speed goes under the rpmy;. In
this case, as the rpm decreases, the pitch angle aso
decreases until it reaches the optimum setting at which
the pitch angle is kept constant. Note that the
electrical power is controlled to follow Equation 4 all
thetime. Since the rpm headroom is eiminated, there
is no need to apply Traeq Within rpm headroom. As a
result, the overall energy capture will be optimized
throughout the rpm range. All of this is accomplished
due to the fact that the pitch mechanism is capable of
controlling the rotor rpm very fast. The overal
advantage is that the energy captured from the wind
can be maximized.

V. CONCLUSIONS

We simulated a pitch-controlled, variable-speed
wind turbine operating in turbulent winds. We
described the philosophy behind the control strategy.
Slow and fast pitch rates were investigated, and their
impacts were shown on the operating characteristics of
thewind turbine. Considering our results, we draw the
following conclusions:

Electrical power can be controlled instantaneously
at any rpom. The only upper limit is the rating of
the power converter and generator.

In the lower wind speed region, maximum Cp
operating mode is adapted. The pitch angle is
kept at its optimum operation. The average Cp is
shown to be maximum as the wind speed varies.

In the higher wind speed region, the rotor speed
must be controlled to avoid rotor speed increases
beyond a controllable limit. The rpm headroom is
defined for alow pitch-rate wind turbine.

The accderation and decderation can be
controlled if the difference between the eectrical

& PITCH-CONTROL P _RATE=8/6: ROUCH 14{m/s0c)
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Figure 10. Power, aero-power , and power coefficient for
wind turbine operation at higher pitch-rate capability

power and aerodynamic power can be adjusted.
The capability of controlling the pitch angle is
very important to shed the aerodynamic power
very fast. With a fast pitch rate, the rpm
headroom can be minimized, and the energy
captured can be optimized. With a dlow pitch rate,
the rpm headroom must be substantial. Additional
electrical load may have to be introduced to help
slow down or to stall the wind turbine. In this
case, setting the eectrical torque at its rated torque
can be used to stall the wind turbine while the
pitch angleis controlled duggishly.

The smoothness of rotor-speed variation is affected
by the smoothness of the power difference between
electrical power and the aerodynamic power and
the size of the rotor inertia.
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